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ABSTRACT: Ruthenium benzylidene complexes are well known as olefin metathesis catalysts. Several reports have demonstrated the abil-
ity of these catalysts to also facilitate atom transfer radical (ATR) reactions, such as atom transfer radical addition (ATRA) and atom transfer 
radical polymerization (ATRP). However, while the mechanism of olefin metathesis with ruthenium benzylidenes has been well-studied, the 
mechanism by which ruthenium benzylidenes promote ATR reactions remains unknown. To probe this question, we have analyzed seven 
different ruthenium benzylidene complexes for ATR reactivity. Kinetic studies by 1H NMR revealed that ruthenium benzylidene complexes 
are rapidly converted into new ATRA-active, metathesis-inactive species under typical ATRA conditions. When ruthenium benzylidene com-
plexes were activated prior to substrate addition, the resulting activated species exhibited enhanced kinetic reactivity in ATRA with no signifi-
cant difference in overall product yield compared to the original complexes. Even at low temperature, where the original intact complexes did 
not catalyze the reaction, pre-activated catalysts successfully reacted. Only the ruthenium benzylidene complexes that could be rapidly trans-
formed into ATRA-active species could successfully catalyze ATRP, whereas other complexes preferred redox-initiated free radical polymeri-
zation. Kinetic measurements along with additional mechanistic and computational studies show that a metathesis-inactive ruthenium spe-
cies, generated in situ from the ruthenium benzylidene complexes is the active catalyst in ATR reactions. Based on data from 1 H, 13C, and 31P 
NMR spectroscopy, and X-ray crystallography, we suspect that this ATRA-active species is a RuxCly(PCy3)z complex.   
INTRODUCTION  
Since the first report of ruthenium-based catalysts in atom transfer 
radical addition (ATRA, also called Kharasch addition)1 and atom 
transfer radical polymerization (ATRP),2 this area of research has 
attracted widespread interest.3-14 Well-defined ruthenium benzyli-
dene complexes, commonly used as olefin metathesis catalysts, 
have also been reported to catalyze ATRA and ATRP.9,15-19 The 
ability of ruthenium benzylidene complexes to promote two reac-
tions with such markedly different mechanisms has been utilized in 
various tandem reactions in which olefin metathesis and ATR reac-
tions take place in one pot.20-22  
Generally speaking, tandem catalysts, which catalyze multiple dis-
tinct reactions in one pot, are attractive synthetic tools that can 
simplify reaction procedures and reduce operational costs. An im-
proved understanding of their mechanism can enable further cata-
lyst development towards new applications. Among the many tan-
dem catalysts that have been reported,23 ruthenium benzylidene 
complexes have been a topic of interest to our research laboratory. 
For example, our group has reported ring opening metathesis 
polymerization (ROMP)-ATRP tandem catalysis for the prepara-
tion of block copolymers of 1,5-cyclooctadiene and methylmethac-
rylate (MMA).20 Since the ROMP process was more rapid than  
ATRP, excess PCy3 was added to the reaction and low-strain cy-
cloolefins were employed to suppress the rate of ROMP. Using 
low-strain cycloolefins and excess phosphine, the rate of ROMP 
was suppressed to roughly the same rate as ATRP, allowing for 
productive tandem catalysis. While the mechanism by which ru-
thenium benzylidenes initiate and catalyze olefin metathesis has 
been studied in great detail, little is known regarding the mecha-
nism of ATR reactions promoted by these complexes.  
Herein, we present our finding regarding the mechanism of these 
reactions. We have performed kinetic studies of ATRA using vari-
ous ruthenium benzylidene complexes. Under common ATRA 
conditions, these complexes were found to rapidly consume a start-
ing material, but not all of them promoted formation of the desired 
ATRA product. Our experimental results are consistent with a de-
composed ruthenium species, rather than the ruthenium benzyli-
dene, as the active ATRA catalyst in this system. These ATRA-
active ruthenium complexes were further found to be inactive in 
olefin metathesis. We have attempted to identify the new ATRA-
active ruthenium species. To do this, we employed NMR spectros-
copy and X-ray crystallography. Finally, when this collection of 
ruthenium benzylidene complexes were tested in ATRP, we found 
that only the complexes that formed highly reactive ATRA catalysts 
were able to perform controlled polymerization, rather than redox-
initiated free radical polymerization. 
 
EXPERIM EN TAL SECTIO N  
M ateria ls  and analyt ical  techniques.  All reactions were 
carried out in dry vials with PTFE-faced silicone septa under an 
argon (Ar) atmosphere or in a Vacuum Atmospheres Glovebox 
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 under a nitrogen atmosphere, as specified. All solvents and reagents 
were purchased from Sigma-Aldrich and used without further puri-
fication unless otherwise noted. Fresh ampules of CDCl3 (Sigma-
Aldrich) were used in decomposition experiments of the rutheni-
um benzylidene catalysts. Complexes 1 , 2 , 3 , 6 , and 7  were ob-
tained from Materia, Inc. Complexes 4  and 5  were prepared from 2 
and 3 , respectively, following literature procedures.24,25 1H NMR 
spectra were recorded on one of the following instruments: Varian 
Mercury (300 MHz), Varian Inova (500 MHz), or Bruker Ascend 
with Prodigy broadband cryoprobe (400 MHz). Gel permeation 
chromatography (GPC) was conducted on two Agilent PLgel 10 
μm MIXED-BLS 300 mm × 7.5 mm columns with Agilent P260 
series pump and autosampler with Wyatt Dawn Heleos-ΙΙ multi-
angle static light scattering detector and Optilab T-rEX differential 
refractive index detector with THF as an eluent.  
General  procedure  for  ATRA catalyzed by ruthenium  
benzyl idene com plexes .  To an 8 mL vial with silicone septum 
cap equipped with a magnetic stir bar, complex 1  (62 mg, 0.75×10-1 
mmol), MMA (106.84 μL, 9.99×10-1 mmol), and CHCl3 (0.8 mL. 
9.98 mmol) were added. Anisole (10 µL, 9.20×10-2 mmol) was 
added as an internal standard. The solution was degassed with Ar 
(g) for 10 min, and the reaction was initialized by immersing the 
reaction vessel into an oil bath preheated to the specified tempera-
ture (65 °C or 40 °C). The reaction was kept under Ar (g), and 
aliquots were removed at predetermined time points and analyzed 
by 1H NMR to monitor reaction progress over time. After 2 h, the 
solution was precipitated into petroleum ether and filtered to re-
move precipitated catalyst. Solvent and unreacted MMA were dried 
using a rotary evaporator. The yield of the product was calculated 
based on integration of 1H NMR resonances at 6.01 ppm (-CCl2H  
from the product) and 1.84 ppm (–CH 3 from the product and by-
products). All of the ATRA reactions in this paper were performed 
following this general procedure using the same molar ratio of [cat-
alyst] : [MMA] : [CHCl3]. 
Decom posit ion study of  ruthenium  benzyl idene com -
plexes .  Inside the glovebox, an NMR tube was charged with the 
ruthenium complex and CDCl3 in the same molar ratio as specified 
in the general ATRA procedure. The NMR tube was capped with a 
septum, removed from the glovebox, and heated to 65 °C. 1H NMR 
spectra were collected at predetermined time points, and the inte-
gral of the benzylidene resonance (16–20 ppm, 1H) was plotted as a 
function of time. 
General  procedure  for  ATRA catalyzed by act ivated 
ruthenium  com plexes .  To an 8 mL vial with silicone septum 
cap equipped with a magnetic stir bar, complex 1  (62 mg, 0.75×10-1 
mmol), anisole (10 μL, 9.20×10-2 mmol), and CHCl3 (0.8 mL, 9.98 
mmol) were added. The solution was degassed with Ar (g) for 10 
min and then heated to 65 °C, until the benzylidene 1H NMR reso-
nance had completely disappeared. The reaction vessel was allowed 
to cool to room temperature, and freshly degassed MMA (106.84 
μL, 9.99×10-1mmol) was added to the solution. The reaction was 
initialized by immersing the reaction vessel into an oil bath pre-
heated to the specified temperature (65 °C or 40 °C) and was held 
under an Ar (g) atmosphere Aliquots were removed at predeter-
mined time points and analyzed by 1H NMR to monitor reaction 
progress over time. All of the ATRA reactions in this report with 
pre-activated ruthenium benzylidene complexes were performed 
following this general procedure using identical concentrations.  
General  procedure  for  ATRA catalyzed by ruthenium  
benzylidene complexes  with 5  equiv  PCy 3.  To an 8 mL vial 
with silicone septum cap equipped with a magnetic stir bar, com-
plex 1  (62 mg, 7.53×10-2 mmol), MMA (106.84 μL, 9.99×10-
1mmol), anisole (10 μL, 9.20×10-2 mmol) and CHCl3 (0.8 mL, 9.98 
mmol) were added. PCy3 (105.64 mg, 3.77×10-1 mmol) was then 
added, and the solution was degassed with Ar (g) for 10 min. The 
reaction was initialized by immersing the reaction vessel into an oil 
bath preheated to 65 °C and was held under an Ar (g) atmosphere. 
Aliquots were removed at predetermined time points and analyzed 
by 1H NMR to monitor reaction progress over time. Experiments 
with 2  and 3  were performed following this general procedure 
using identical concentrations and reaction conditions.  
RCM  catalyzed by 3  and benzyl idene-decom posed 
(ATRA-activated) 3 .  The reaction was performed following a 
literature procedure.26 Complex 3  (7.47 mg, 8.01×10-3 mmol) was 
dissolved in degassed CDCl3 (0.75 mL). For reactions catalyzed by 
decomposed 3 , the solution was then pre-treated at 65 °C until the 
indicated level of benzylidene decay (as monitored by 1H NMR) 
was observed. The catalyst solution was cool to room temperature, 
and diethyl diallylmalonate (19.3 μL, 7.98×10-2 mmol) was added. 
The reaction mixture was brought to a temperature of 30 °C for 1 h, 
after which point an 1H NMR spectrum was collected to calculate 
olefin conversion. 
Crystal l izat ion of  ATRA -activated 1  with  bipy.  Complex 
1  (62 mg, 0.75×10-1 mmol) was dissolved into 0.8 mL of CHCl3 
(0.8 mL. 9.98 mmol) and was activated by heating at 65 °C until 
complete decay of the benzylidene peak in the 1H NMR spectrum 
was observed. The solvent was removed under vacuum, and the 
resulting powder was re-dissolved in a minimal amount of DCM, 
prior to addition of bipy (58.83 mg, 0.38 mmol). Pentane was slow-
ly added to make a layer above the DCM, and the solution was 
allowed to stand unperturbed at room temperature until crystals of 
the complex formed.  
ATRA catalyzed by Ru(III)Cl 3 and PCy 3 com plex.  
MeOH (0.8 mL) was added to Ru(III)Cl3 (15.54 mg, 0.75×10-1 
mmol) and PCy3 (42.02 mg, 1.50×10-1 mmol), and the reaction 
mixture was heated to reflux overnight. The solvent was removed 
under vacuum. Benzene was added, and the solution was filtered 
through glass pipette with kimwipe plug. The filterate was again 
concentrated under vacuum to give a dried powder. To this solid, 
were added MMA (106.84 μL, 9.99×10-1 mmol) and 0.8 mL of 
CHCl3 (0.8 mL. 9.98 mmol), followed by anisole (10 µL, 9.20×10-2 
mmol) as an internal standard. The solution was degassed with Ar 
(g) for 10 min, and the reaction was initialized by immersing the 
reaction vessel into an oil bath preheated to 65 °C.  
ATRP catalyzed by ruthenium  benzyl idene com plexes .  
To an 8 mL vial with silicone septum cap equipped with a magnetic 
stir bar, ethyl α-bromoisobutyrate (10 μL, 6.81×10-5 mmol), MMA 
(1.46 mL, 1.36×10-2 mmol), and complex 1  (56.07 mg, 6.81×10-5 
mmol) were added. Toluene (681 μL) and anisole (10 μL) were 
added as the solvent and internal standard, respectively. The solu-
tion was degassed with Ar (g) for 10 min, and the reaction was 
initialized by immersing the reaction vessel into an oil bath pre-
heated to 85 °C. Aliquots were removed at predetermined time 
points and analyzed by 1H NMR and GPC to monitor, MMA con-
version, Mn, and dispersity (Đ) over time. All of the ATRP reac-
tions in this report were performed following this same general 
procedure under identical reaction conditions.  
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RESULTS AN D DISCUSSIO N  
This investigation commenced by examining reaction kinetics of 
ATRA with a series of ruthenium benzylidenes commonly em-
ployed in olefin metathesis (Chart 1). All of these complexes have 
been previously reported to catalyze olefin metathesis, and 1  has 
been shown to be effective in ATR reactions.9,19 
 
Chart  1 .  Ruthenium  benzyl idene com plexes .   
 
 
Schem e 1.  ATRA of  M M A catalyzed by ruthenium  ben-
zyl idenes or  act ivated ruthenium  com plexes .  
   
For ATRA, methyl methacrylate (MMA) was employed as a model 
substrate due to its well-established reactivity in ATRA and ATRP. 
Chloroform (CHCl3) was chosen as the coupling partner and reac-
tion solvent since ATRA using this halogen donor has been studied 
extensively (Scheme 1). Reactions with all of the complexes shown 
in Chart 1 were monitored over 2 h by measuring the MMA con-
version at pre-determined time points by 1H NMR spectroscopy 
(Table 1).  
 
Table  1 .   M M A conversion and product  y ie ld  of  ATRA 
(2 h)  with  di f ferent  ruthenium  benzyl idene com plexes .  




Yield for 8 
(%)b 
1 1 65 89 89 
2 2 65 45 7 
3 3 65 95 94 
4 4 65 79 61 
5 5 65 17 ~0 
6 6 65 ~0 ~0 
7 7 65 ~0 ~0 
8 Activated 1 65 97 86 
9 Activated 3 65 99 93 
10 Activated 4 65 86 68 
11 1 40 20 ~1 
12 Activated 1 40 41 28 
13 3 40 32 ~2 
14 Activated 3 40 85 70 
15 1 + 5eq PCy3 65 67 16 
16 2 + 5eq PCy3 65 40 ~0 
17 3 + 5eq PCy3 65 69 ~2 
a MMA conversion was calculated from 1H NMR integration using 
anisole as an internal standard. 
b Product yield was calculated from 1H NMR integration, after first 
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 Figure 1 .  Rate profiles of (a) ATRA promoted by ruthenium benzyli-
dene complexes. Reaction conditions as in Scheme 1. (b) Benzylidene 
group decay in 1H NMR. Reaction conditions as in Scheme 1 in the 
absence of MMA. (c) Benzylidene 1H NMR resonance decay in 
CDCl3, neutralized CDCl3, and C6D6 with addition of ethyl α-
bromoisobutyrate after 1 h. In the neutralized experiment, excess 
K2CO3 solid was added to a freshly degassed CDCl3 solution, and the 
resulting heterogeneous mixture was shaken vigorously prior to heat-
ing. 
 
By monitoring MMA conversion over reaction time (Figure 1a and 
Table 1), it was found that five out of seven ruthenium benzylidene 
catalysts in the study led to consumption of MMA. Complexes 6  
and 7  were found to be unreactive in ATRA. Complex 3  containing 
a SIPr ligand was the most active, followed in order by 1 , 4 , 2 , and 
5 . The final yield of the desired product 8  was generally higher with 
faster ATRA catalysts. For example, with complexes 1  and 3 , >99% 
of consumed MMA was converted to ATRA product, whereas 
greater discrepancies between MMA conversion and product yield 
were observed with 2 , 4 , and 5 . In these cases, MMA may have 
been consumed in undesired oligomerization/polymerization, a 
well-known side reaction of ATRA. Notably, no relationship be-
tween metathesis activity (or metathesis initiation rate) and ATR 
rate was observed within this series.  
Density functional theory (DFT) calculations were performed 
assuming a general mechanistic paradigm involving inner-sphere 
electron transfer from an intact ruthenium benzylidene moiety to 
homolyze the carbon–halogen bond (Figure S1). However, pre-
dicted relative catalyst activities from computed ΔGrxn for this reac-
tion with complexes 1–7 were not in agreement with the empirical-
ly observed reactivity trend. Additionally, the ΔGrxn values for the 
halogen abstraction step with most complexes were too endergonic 
for effective catalysis. This inconsistency prompted us to consider 
the stability of complexes 1–7 under the reaction conditions.  
Solutions of each complex in CDCl3 without MMA were prepared 
at the same concentration used in the ATRA experiments. The 
diagnostic benzylidene proton peak was monitored by 1H NMR 
(16–20 ppm) over time at the reaction temperature (65 °C). Most 
of the catalysts were unstable in CDCl3, as evidenced by the disap-
pearance of the benzylidene peak and appearance of new proton 
resonances far upfield of the benzylidene region. Complexes 6  and 
7  were stable for >4 h under these conditions (Figure 1b, Figures 
S2–S12). This decomposition process was found to be highly tem-
perature- and solvent-dependent. For example, with catalyst 4 , no 
appreciable benzylidene decay was observed at a slightly reduced 
temperature of 55 °C for over 4 h. Complex 3  showed rapid benzyl-
idene decay in CDCl3 but did not show any benzylidene decay in 
C6D6 until subsequent addition of an alkyl halide (Figure 1c).  This 
indicates that the alkyl halide triggers benzylidene decomposition. 
Furthermore, complex 3  exhibited a nearly identical benzylidene 
decay profile in CDCl3 containing added K2CO3. These results are 
consistent with the alkyl halide, rather than heat or trace HCl, as 
the component that drives benzylidene decomposition. Strikingly, 
the order of benzylidene decay rate in these stoichiometric experi-
ments was the same order as MMA conversion in catalytic ATRA 
(Figures 1a and b). The correlation between benzylidene decay 
rate and ATRA rate prompted us to examine the extent to which 
the newly formed ruthenium species are active participants in 
ATRA reaction.   
 
 
F igure  2 .  (a) Kinetic study of ATRA of MMA catalyzed by 1 , 3 , 
and their activated analogs (b) Effect of adding PCy3 (5 equiv) to 
ATRA catalyzed by 1 , 2 , and 3 . Reaction condition same as in 
Scheme 1. 
 
To this end, the reactivity of the benzylidene-decomposed rutheni-
um species, formed from pre-treatment of 1 , 3 , and 4  in CHCl3, 
was investigated. First, solutions of these catalysts in CHCl3 were 
heated at 65 °C under Ar (g) in the absence of MMA until no ben-
zylidene peak was observed in the 1H NMR spectrum. MMA was 
added, and reaction progress was monitored (Scheme 1). As shown 
in Table 1 and Figure 2a, the activated ruthenium complexes 
demonstrated faster rates, providing equally high yield of the 
ATRA product. Given the pronounced temperature dependence of 
the stoichiometric benzylidene decay reactions, we next sought to 
determine the temperature dependence of ATRA reactivity.  When 
ATRA reactions were run with 1  and 3  at 40 °C, where no benzyli-
dene decay was observed, MMA consumption proceeded slowly 
and only trace product formation was observed. In contrast, pre-
activated, benzylidene-decayed 1  and 3  exhibited faster rate and 
provided greater product yields even at 40 °C (Table 1). 
The data shown above indicate a reaction pathway for ATRA in 
which the ruthenium benzylidene is converted into one or more 
new ATRA-active ruthenium species under ATRA conditions. 
When activated, the new species exhibit superior reactivity in 
ATRA compared to the parent complexes, even at lower tempera-
ture. As is typical in ATR reactions, trials performed under our 
standard conditions were inhibited by O2. Consistent with this 
observation, the newly formed ruthenium species were found to 
be air-sensitive and were unreactive in ATRA after exposure to 
air.  
The effect of excess phosphine ligand in catalytic ATRA was also 
studied. The addition of tricyclohexylphosphine (PCy3, 5 equiv 
Page 4 of 8
ACS Paragon Plus Environment





























































 relative to catalyst) to solutions of the complexes altered the ben-
zylidene decomposition trends (Figure S13). With complexes 1  
and 2,  the presence of additional PCy3 increased the rate of benzyl-
idene decay. However, complex 3  showed slower decay than 1  and 
2  under the same conditions. The origins of these effects are still 
under investigation. The rates of catalytic ATRA reactions with 
additional PCy3 using 1  and 2  were slightly inhibited by excess 
PCy3. The reaction with 3  became substantially slower, and the 
overall product yield was significantly reduced in all cases (Table 1 
and Figure 2b).  
 
Schem e 2.  RCM  catalyzed by 3  and benzyl idene-
decom posed ATRA-activated 3 .  
 
Catalyst Conversion (%) 
3 100 
40% decomposed 3 100 
100% decomposed 3 0 
  
The identity of the in situ generated ruthenium species was ex-
plored further. Complex 3  was decomposed in CDCl3 to 40% com-
pletion and 100% completion (as measured by benzylidene 1H 
NMR signal). It was found that an ATRA-activated sample of 3  
with completely decayed benzylidene was inactive in ring-closing 
metathesis (RCM) of diethyl diallylmalonate (9), a highly reactive 
RCM substrate with complexes 1–7 (Scheme 2). In contrast, sam-
ples of untreated 3  and 40%-benzylidene-decayed 3  catalyzed 
RCM with 9 , providing 100% conversion to 10 after 1 h. These 
results, in conjunction with the 1H NMR data, prove that the 
ATRA-active ruthenium species does not contain a benzyli-
dene/alkylidene moiety.  
To gain more information regarding the structure of the ATRA-
active species, we next turned to NMR spectroscopy and X-ray 
crystallography. As discussed above, upon decomposition of com-
plexes 1  and 3  in CDCl3 at 65 °C, the 1H and 13C NMR spectra 
revealed that the benzylidene moiety had fully dissociated. In the 
31P NMR spectra of ATRA-activated 1  and 3 , a substantial down-
field shift of the major phosphine resonance was observed. In both 
cases, a major phosphine resonance at 108.10 ppm appeared upon 
decomposition (Figure S4 and Figure S8). This peak is in an unu-
sual region of the 31P spectrum, and we suspect that it could repre-
sent the corresponding dichlorophosphonium salt.27 The 31P NMR  
results along with the data from excess PCy3 experiments shown 
above (Table 1 and Figure 2b) with 1  and 3 , are consistent with a 
mechanism in which PCy3 is partially or fully dissociated from the 
ruthenium center in the active form of the catalysts. 
In addition to NMR spectroscopy, we have attempted to obtain 
single crystals of ATRA-activated ruthenium complexes 1  and 3  
that would be suitable for X-ray diffraction. Despite numerous 
attempts, we were unable to grow suitable crystals directly from the 
decomposed solutions. However, after extensive experimentation 
we found that the addition of 2,2’-bipyridine (bipy, 5 equiv) to a 
solution of ATRA-activated 1  led to formation of a new species, 
Ru(II)Cl(PCy3)(bipy)2Cl−, which we were able to crystallize and 
characterize by X-ray diffraction (Figure 3). Interestingly prelimi-
nary X-ray crystal structure data of the analogous experiment with 
activated 3  allowed tentative identification of another new com-
plex, Ru(III)Cl3(PCy3)(bipy) (data not shown). In both cases, 
addition of bipy resulted in an upfield shift of the phosphine peak 
from 108.10 ppm (activated 1  and activated 3) to 49.80 ppm (Fig-
ure S4 and Figure S8). Moreover, during an attempt to obtain an X-
ray crystal structure of activated 3 ,  we instead isolated and charac-
terized the SIPrHCl salt. In a separate experiment, when 3  was 
exposed to ethyl α-bromoisobutyrate in C6D6 (Figure 1c), we were 
able to obtain colorless crystal from this reaction mixture, which 
turned out to be the SIPrHBr salt. Both of these results suggest 
that the NHC ligands are labile under these reaction conditions.  
 
F igure  3 .  X-ray crystal structure of Ru(II)Cl(PCy3)(bipy)2Cl− 
formed from addition of bipy to ATRA-activated 1 . Hydrogen 
atoms and solvent molecules were omitted for clarity. Pink: Ru, 
Gray: C, Yellow: P, Blue: N, Green: Cl (CCDC 1473173). 
 
Combining the insights from all of these experiments, we now sus-
pect that the original ruthenium benzylidene complexes decom-
pose under common ATRA reaction condition (65 °C in CHCl3) 
through complete dissociation of all L-type ligands (benzylidene, 
PCy3, and NHC) from the ruthenium metal center. We propose 
that a simple ruthenium chloride complex, such as Ru(III)Cl3 or 
Ru(II)Cl2 or RuxCly cluster, possibly containing one or more bound 
phosphine ligands, is the actual ATRA-active species.  To explore 
possibility further, we attempted to perform ATRA with 
Ru(III)Cl3, which we found to be completely insoluble in CHCl3 
even upon addition of MMA. To solubilize this complex, 
Ru(III)Cl3 was refluxed with PCy3 in MeOH overnight, concen-
trated in vacuo, suspended in benzene, filtered, washed with ben-
zene and dried. The resulting ruthenium complex, presumably 
RuCl3(PCy3)n, was soluble in CHCl3 and successfully converted 
MMA to the ATRA product with 96% MMA conversion and 88% 
product yield (Figure S14). Also, the reaction kinetics with 
RuCl3(PCy3)n were faster than with 3  and were in perfect agree-
ment with ATRA-activated 3 . The newly prepared RuCl3(PCy3)n 
complex, however, did not show the same peaks in the 31P spectrum 
as activated 1  or activated 3  (108.10 ppm). This experiment con-
firms that the phosphine peak from 108.10 ppm in ATRA-activated 
3  is a byproduct from the catalyst activation process and does not 






CDCl3, 30 oC, 1 h
CO2EtEtO2C
9 10
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F igure  4 .  Kinetic studies of ATRP catalyzed by ruthenium benzylidene complexes. (a) ln([M]0/[M}t) over time (b) Mn and Đ over MMA 
conversion with 1  and 3  (c) Mn and Đ over MMA conversion with 2 , 4 , and 5 .  
 
Schem e 3.  ATRP of  M M A catalyzed by ruthenium  ben-
zyl idenes.  
 
 
Lastly, we performed a series of experiments to test whether in-
sights gained from this investigation were relevant to ATRP. ATRP 
and ATRA have similar mechanisms involving active radicals gen-
erated by a reversible redox process of halogenated substrates and 
transition metal complexes.28 In ATRP, a large excess of olefin leads 
to polymerization rather than a single radical addition. Ruthenium 
benzylidene complexes 1–5 converted MMA to polymer (Scheme 
3, Figure 4). The order of reaction rates was similar to the previous 
catalytic ATRA, except that 4  was the slowest in ATRP. However, 
only 1  and 3  polymerized MMA in a controlled fashion to yield 
polymers with linear molecular weight increases and low dispersi-
ties. Polymerization with 2 , 4 , and 5  showed constant molecular 
weight, indicating early termination of the polymer chains and even 
undesired coupling reactions in the case of 5 .  It has been reported 
that some ruthenium benzylidenes preferentially promote redox-
initiated free radical polymerization over ATRP,18 however, no 
clear explanation has been put forward to rationalize the differ-
ences. The present work shows that complexes 1  and 3 , which 
exhibited rapid in situ conversion in CHCl3 with high product yield 
in ATRA, also promoted efficient ATRP. A well-known side reac-
tion of ATRA is polymerization/oligomerization, which can pro-
ceed via redox-initiated free radical polymerization. Thus, the 
ATRA data can be used to explain which ruthenium benzylidene 
precatalysts favors ATRP over free radical polymerization.  
 
CONCLUSION 
We have discovered that under ATRA conditions, ruthenium ben-
zylidene complexes are transformed into one or more new ATRA-
active, metathesis-inactive ruthenium species, possibly simple 
RuxCly(PCy3)z complex. The same complexes that give high yields 
and minimal competing side reactions in ATRA also promote living 
ATRP over uncontrolled free radical polymerization. The results of 
this study showcase the importance of mechanistic inquiry as a 
O








[11] : [MMA] : [catalyst] = 1 : 200 : 1
0.02 M 11 in toluene
11 MMA 12
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 means of better understanding and ultimately improving tandem 
catalytic reactions.  
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